This study compared membrane fouling in a sponge-submerged membrane bioreactor (SSMBR) and a conventional membrane bioreactor (CMBR) based on sludge properties when treating synthetic domestic wastewater. In the CMBR, soluble microbial products (SMP) in activated sludge were a major contributor for initial membrane fouling and presented higher concentration in membrane cake layer. Afterwards, membrane fouling was mainly governed by bound extracellular polymeric substances (EPS) in activated sludge, containing lower proteins but significantly higher polysaccharides. Sponge addition could prevent cake formation on membrane surface and pore blocking inside membrane, thereby alleviating membrane fouling. The SSMBR exhibited not only less growth of the biomass and filamentous bacteria, but also lower cake layer and pore blocking resistance due to lower bound EPS concentrations in activated sludge. Less   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 membrane fouling in SSMBR were also attributed to larger particle size, higher zeta potential and relative hydrophobicity of sludge flocs.
Overall, previous studies have highlighted the advantages of sponge addition in
MBRs for improving treatment performance as well as membrane fouling reduction in terms of sustainable flux or permeate flux. However, the effects of sponge on sludge characteristics and membrane fouling have yet to be investigated in MBR systems.
Therefore, a comparison study was conducted to evaluate the performance of a SSMBR and a conventional MBR (CMBR) based on sludge characteristics, such as zeta potential, apparent viscosity, relative hydrophobicity (RH), EPS and SMP. The cake layer formation on membrane surface was also analysed. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 using a feeding pump to control the feed rate while the effluent flow rate was controlled by a suction pump. A pressure gauge was used to measure the TMP and a soaker hose air diffuser was used to maintain air flow rate at 9 L/min. The filtration flux of both MBRs was kept constant at 10 L/m 2 ·h by adopting a suction cycle of 59-min on and 1-min off (relaxation). For chemical cleaning of the membrane, the membrane was soaked in chemical solutions using the three following steps: 6 h in 0.5% citric acid, 6 h in 0.4% sodium hydroxide, 6 h in 0.8% sodium hypochlorite.
Materials and methods

Wastewater
Analysis methods
DOC of the influent and effluent was measured using the Analytikjena Multi N/C Fouling resistance was measured through various fluxes with distilled water at the end of the experiment. The resistance-in-series model was applied to evaluate membrane filtration characteristics by using Darcy's law. The model was expressed as follows (Choo and Lee, 1996) :
Where J is the permeate flux; ΔP is the TMP; μ is the viscosity of the permeate; R T is total resistance; R M is the intrinsic membrane resistance; R C is the cake resistance; and R P is the pore blocking resistance .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 At the end of the experiment, the membrane was taken out from the bioreactor.
Cake layer on membrane surface was collected and then dissolved in 30 mL of distilled water. The extraction procedures and analysis methods of EPS and SMP of cake layer were in the same manner as described below. The EPS extraction protocol was modified from Frølund et al. (1996) . 30 mL of mixed liquor were taken from the MBRs and then centrifuged at 3,000 rpm for 30 minutes. After that, the supernatant were centrifuged at 3,000 rpm for 30 minutes and filtered through 0. (Olympus, Japan) were acquired as jpg. format. Thereafter, the images were analysed with Image-Pro Plus software to obtain particle size distribution of sludge flocs. Table 1 summarizes the removal efficiency of DOC, COD, PO 4 -P, NH 4 -N and total nitrogen (TN) in SSMBR and CMBR during the operation period. As shown in Table 1 , more than 90% of organic removal was obtained in both SSMBR and CMBR. SSMBR These results indicated that sponge addition could significantly mitigate membrane fouling, which is further discussed in details in Section 3.5.
Results and discussion
The performance of SSMBR and CMBR
Fig. 1.
Mixed liquor suspended solids (MLSS) concentration and apparent viscosity
During the experimental period, sludge concentration kept increasing in both MBRs due to no sludge withdrawal. MLSS concentrations were 11.50 ± 4.52 g/L and 9.41 ± 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Zeta potential, relative hydrophobicity (RH) and particle size distribution
(2003) found that the ratio of proteins to polysaccharides (PN/PS ratio) in EPS was
important in controlling the hydrophobicity and surface charge of sludge flocs. Table 3   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 shows that a significantly higher PN/PS ratio in bound EPS was found in the SSMBR after 7 days operation. Higher RH of activated sludge in the SSMBR proved that higher 
Membrane fouling behaviour
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Membrane fouling in a pilot-scale submerged membrane bioreactor operated under various conditions. Desalination 231, 124-132. Table 3 Bound EPS compositions and total bound EPS concentrations of mixed liquor in SSMBR and CMBR at two different stages (within and after 7 days of operation) during the operation period. Table Table 1 Removal efficiency of DOC, COD, PO 4 -P, NH 4 -N and TN in SSMBR and CMBR during the operation period. Table 2 SMP compositions and total SMP concentrations of mixed liquor in SSMBR and CMBR at two different stages (within and after 7 days of operation) during the operation period. 
